Introduction 1 2-Phenylethanol (2PE) is a volatile compound with a pleasant fruity, floral 2 odor and is a major constituent of rose-like flowers scents. For example, 2PE 3 occupies 60% of the total volatiles in the essential oil of Damask roses (Rusanov et al., 4 2005) . Fruits, vegetables and foods such as cheese, bread, wine, and olive oil contain 5 2PE as a major flavor compound (Lee and Richard, 1984; Rodopulo et al., 1985; 6 Clark, 1990; Jollivet et al., 1992; Gassenmeier and Schieberle, 1995) . Cosmetics 7 industry uses a large amount of 2PE as ingredients in perfume and other formulations 8 because of its popular rose-like smell (Clark, 1990; Fabre et al., 1998) . Esters of 2PE, 9 especially phenylethyl acetate, are also valuable fragrance compounds (Bauer et al., 10 2001) . Increasing demand for natural flavors has led to a growing interest in 11 industrial-scale 2PE biosynthesis. Under US Food and Drug Administration products 12 derived from biotechnological processes can be labeled as "natural" based on US 13 Food and Drug Administration or regulations (Serra et al., 2005) . 2PE also has 14 important biological functions in plants, such as antimicrobial properties (Berrah et al., 15 1962 ) and reproduction via its attraction of pollinating insects (Pichersky and 16 Gershenzon, 2002) . Therefore studies on regulation of 2PE biosynthesis and its 17 emission are very important subjects to be clarified. As a consequence, there has 18 been much interest in the biosynthesis pathway of 2PE in plants, as well as in bacteria 19 and yeast. 20
The rose 2PE biosynthetic pathway was at one time thought to convert L-21 phenyalanine (L-Phe) via phenylpyruvate and phenyl acetic acid (Bugorskii and 22 Zaprometov, 1978) . We demonstrated that L-Phe is a precursor of 2PE in rose 23 flowers using feeding experiments with labeled [ 2 H] L-Phe (Watanabe et al., 2002; 24 Hayashi et al., 2003) . Recently, a specific enzyme PAAS (phenylacetaldehyde 25 synthase) involved in the conversion of L-Phe to phenylacetaldehyde (PAld) was 26 isolated and characterized from Petunia hybrida cv. Mitchell (Kaminaga et al., 2006). 27 This PAAS belongs to group II pyridoxal 5'-phosphate-depentent amino acid 28 decarboxylases (AADCs). The AADC responsible for conversion of L-Phe to PAld 29 and also the first two rose-derived phenylacetaldehyde reductases (PAR) found to 30 catalyze the conversion of PAld to 2PE, which is the final reduction step of the 31 biosynthetic pathway, have yet been characterized in Solanum lycopersicum (AADC1, 32 AADC2, PAR1, PAR2) (Tieman et al., 2006 (Tieman et al., , 2007 . The Solanum lycopersicum 33 PAR1 is a member of short-chain dehydrogenase/reductase family, strongly prefers 34
PAld as substrate and does not catalyze the reverse reaction however Solanum 35 lycopersicum PAR2 has similar affinities for PAld, benzaldehyde and 36 cinnamaldehyde. The contribution of AADC generating PAld from and PAR 37 in the biosynthesis of 2PE via the intermediate PAld has been confirmed in R. Jun ' (Sakai et al., 2007) . Recently, the function of PAAS has been confirmed by 39 application of a Saccharomyces cerevisia aro10∆ mutant (Farhi et al., 2010) . 40
To elucidate biochemical functions and molecular biological properties of 41 rose-PAR involved in biosynthesis of 2PE, we characterized these properties. We 42 purified a rose-PAR from Rosa ×damascena (Mabberley, 2008) and obtained partial 43 peptide sequences based on TOF-MS analysis. We demonstrated that the full length 44 cDNA encodes a functional PAR. Enzymatic analysis showed that the rose-PAR 45 prefers PAld, but also converts several aldo-and keto-compounds. The recombinant 46 PAR and rose-PAR showed similar substrate utilizing properties, however higher 47 turnover rates were shown in the recombinant PAR with several substrates. 48 Furthermore, the classification of PAR was discussed for rose-PAR and recombinant 49 PAR based on the stereo-selectivity toward S-and R-[4-2 H] NADPH. 50 Center, Faculty of Agriculture, Shizuoka University, Japan. Flowers at stage 2 54 (Sepals haven't started to loosen, petals completely closed), stage 4 (outer whorl of 55
Material and methods
petals is fully open, inner whorl starts to loosen) and stage 6 (petals are fully open, 56 stamens are invisible; ibid.) were collected between April and May (2004 -2009 ) 57 (Hayashi et al., 2004 . Flowers at stages 2, 4, and 6 and leaves were applied for 58 transcripts expression experiments, and flowers at stage 4 were utilized for all the 59 enzyme experiments. 60
Partial purification of rose-PAR

61
Floral extracts were prepared as described by Sakai et al. 2007. Briefly, 62 flowers were homogenized in chilled buffer A (10 mM potassium phosphate buffer 63 (pH 8.0), 5 mM DTT, 0.05% CHAPS, and 1% glycerol, 4 °C) and after centrifugation (4000 g, 20 min, 4 °C) the resulting crude cell extracts were applied to ECONO pack 65 Q cartridges (5 mL, Bio-Rad). Enzymatic active fractions were eluted with a linear 66 gradient of 0-1 M KCl in buffer A at a flow rate of 1.5 mL min -1 . Fractions with 67 enzyme activity were salted out with 150 mM KCl and equilibrated in buffer A. The 68 diluted solutions were applied to two in-line blue HP columns (1 mL, GE Healthcare) 69 equilibrated with buffer A. After washing the column with buffer A, enzymatic active 70 fractions were eluted with a gradient of 0-150 mM KCl in buffer A at a flow rate of 1 71 mL min -1 . The gradient was 100-120 mM KCl within 5 min, 120-150 mM KCl 72 within 3 min, and maintained for 5 min. PAR-containing fractions were used for the 73 functional analysis. For sequencing the PAR fractions were combined and 74 concentrated by centrifugal filtration (Nanosep 10 K, PALL Life Science) before 75 application (200 L) to a Superdex 75 10/300 GL column (GE Healthcare) 76 equilibrated with buffer A. The enzyme was eluted with 5 mL 150 mM KCl at a flow 77 rate of 0.5 mL min -1 . The proteins were separated on the SDS-PAGE (12% acryl 78 amide) and rose-PAR was detected at 35 kDa after Coomassie Brilliant Blue staining. 79
Molecular mass and partial amino acid sequence of PAR
80
The partial purified PAR enzyme was further purified by SDS-PAGE. Target 81 bands detected at ca 35 kDa were excised and digested to peptides with trypsin for 82 LC/MS/MS analysis (LC: Waters Nano Acquity, MS/MS: Waters-Micromass Q-ToF 83 Premier). Five micro-liter of digest solution were injected and desalted on a trap 84 column (0.18 × 20 mm, Nano Acquity, Waters) at a flow rate of 4 L min -1 with 85 solvent A (0.1% formic acid) for 3 min. The peptides were separated on a C18 86 column (75 m × 100 mm, Nano Acquity UPLC Beh, Waters). A linear gradient was 87 developed 0-1 min: 3% solvent B (acetonitrile, 0.1% formic acid), 30 min: 40% B, 88 32-37 min: 95% B, 37 min: 95% B, 39 min: 3% B at a flow rate of 300 nL min -1 . Full-length sequences of PAR in rose were obtained using degenerate primers 99 designed from the amino acid sequences (No.1-3, Table 1 ). 3'-RACE PCR reactions 100 were performed using 3'RACE-F1, 3'RACE-F2 and 3'RACE-F3 as forward primers 101
( Supplementary Table 1 ). Amplified cDNAs were inserted into pCR 2.1 vector 102 (Invitrogen) and transformed into DH5 competent cells (TaKaRa). Isolated cDNA 103 was sequenced using a Thermo Sequenase cycling sequencing kit (USB Corporation) 104 on a LI-COR DNA sequencer (Model 4200L, Li-COR). 105
A 5'-RACE system kit was used for amplification of 5' ends (Invitrogen). 106
The gene-specific primers (GSP) for 5'-RACE amplifications were designed based on 107 the sequences obtained by 3'-RACE reactions ( Supplementary Table 1 ). Reverse 108 transcription from total RNA was performed using 5'-end-phosphorylated primer 109 (GSP1) and SuperScript II (5' RACE System for Rapid Amplification of cDNA 110
Ends, Invitrogen). The first PCR was performed using GSP2 primer and the abridged 111
Anchor Primer (Invitrogen). Nested PCR was then performed using the GSP3 primer 112 and Abridged Universal Amplification Primer (AUAP). Finally, end-to-end PCR was 113 performed using PAR-F-1 as forward primer and PAR-R-1 as reverse primer 114
( Supplementary Table 1 ). Nucleotide sequences were subsequently determined as 115 described previously. 116
Expression and purification of recombinant PAR protein 117
BamH and Sal sites were created on the 5' and 3'-ends of PAR by PCR using 118 the primers PAR-F-E and PAR-R-E, respectively. The engineered cDNA fragments 119 were inserted into the BamH-Sal sites of pGEX-4T-1 (GE Healthcare), resulting in a 120 recombinant gene product with an N-terminal glutathione S-transferase (GST) protein 121 tag. Freshly transformed BL21 cells harboring pGEX-PAR or an empty pGEX vector 122 were grown at 37 °C in 50 mL LB broth with 25 g mL -1 ampicillin to an O.D. 600 = 123 0.6. 2.5 mL of the liquid culture were transferred to 250 mL LB broth containing the 124 appropriate antibiotics and grown until O.D. 600 = 0.8 at 37 °C. 250 L of 1 mM ITPG 125 solution were then added to induce production of the recombinant protein and the 126 cultures grown another 8 h at 37 °C until an O.D. 600 = 1.8. The cells were harvested by centrifugation (8000 g, 10 min, 4 °C) and after addition of 12.5 mL PBS (140 mM 128 NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 1.8 mM KH 2 PO 4 (pH 7.3)) the samples 129 were frozen at -80 °C. All protein purification steps were carried out at 4 °C. The 130 cells suspended in PBS were disrupted for 10 s 5 times by ultrasonication (UD201, 131 TOMY). After the addition of 1% Triton X-100, the samples were centrifuged at 132 7700 g for 10 min to remove cell debris. Recombinant proteins were purified from 133 the supernatant on GSTrap FF columns (5mL, GE Healthcare). GST tags were 134 removed by on-column thrombin digestion (100 units, 2 h, room temperature) (GE 135 Healthcare) and the enzyme was eluted with PBS. Thrombin was removed on a 136
HiTrap Benzamidine FF column (GE Healthcare). The purity of the recombinant 137 protein was analyzed by SDS-PAGE (12% acryl amide) as described previously 138 (Fleischmann et al., 2003) . A single protein was detected at 35 kDa after Coomassie 139
Brilliant Blue staining ( Supplementary Fig. 3 ). The recombinant PAR encoding the 140 endogenous rose-PAR was subjected to functional analysis. 141 Premix Ex Taq, Perfect Real Time, TaKaRa). The quantification was achieved from 149 dose-response curves using -tubline as an internal control in triplicate. Primers for 150 real time RT-PCR (PAR-Q and TUB-Q) were described in Supplementary Table 1 . 151
Determination of changes in transcripts of PAR in
Aldehyde and ketone selectivity 152
Activities of rose-PAR and recombinant PAR were assayed at 30 °C by 153 measuring the decrease in absorbance of NADPH at 340 nm (ε  = 6.2 mM -1 cm -1 , 154
Ultrospec 3000, Pharmacia Biotech) (Larroy et al., 2002) . The reaction mixture (200 155 L) (100 mM potassium phosphate (pH 7.0), recombinant enzyme (6.8 g) /rose-156 PAR (8.0 g), 10 mM PAld, and 2.5 mM NADPH) was incubated at 30 °C for 10 min. 157
The reaction was quenched by the addition of 300 L acetonitrile and centrifuged at 158 3000 g for 5 min. The relative activities of rose-PAR and recombinant PAR with 159 selected substrates (Table 2) were determined by measuring the decrease in 160 absorbance of NADPH at 340 nm using 10 mM of each substrate. Reaction 161 conditions were the same as described for the PAR assay. One unit of enzyme 162 activity was defined as the oxidation of 1 mol NADPH min -1 at 30 °C. Specific 163 activity was expressed as units /mg protein which was 10.1 mU mg -1 for rose-PAR 164 and 0.7 mU mg -1 for recombinant PAR. 165 to be 83% and 85% based on the intensities of proton signals assigned to 4-pro R and 192 4-pro S, respectively. 193 Classification of rose-PAR and recombinant PAR by elucidating the De novo sequence analyses of the protein band (designated as band 1 in Fig.  240 1B) resulted in 11 partial peptide sequences (106 amino acids). Three degenerate 241 primers were designed for cDNA cloning based on the de novo sequences (Table 1) . 242
Synthesis of S-[4-2 H] NADPH and R-[4-2 H] NADPH
As a result of 3'-RACE amplification, sequence fragments of 465 bp were determined. 243 A full-length cDNA was subsequently obtained using gene-specific primers (GSP) for 244 5'-RACE. The nucleotide sequence of this cDNA has an open reading frame of 966 245 bp that encodes a predicted protein of 322 amino acids comprising the 11 partial 246 amino acid sequences derived from the partial purified protein of rose petals 247 ( Supplementary Fig. 1 ). Only one PAR cDNA was obtained from R. ×damascena. 248
The nucleotide sequence designated as recombinant PAR is available from the 249 DDBJ/EMBL databases under the accession number AB426519. The deduced amino 250 acid sequence of recombinant PAR has 77% and 75% identity with Solanum 251 lycopersicum PAR1 and PAR2, respectively. Phylogenetic analysis of the deduced 252 protein sequence showed high similarity with aldehyde reductases, such as cinnamyl 253 alcohol dehydrogenases and cinnamyl CoA reductases from many plant species 254 ( Supplementary Fig. 2 ). The protein encoded by PAR cDNAs was closely related to a 255 putative cinnamyl alcohol dehydrogenase from Malus domestica (90% identity) and 256
Prunus mume (89% identity) (Mita et al., 2006) . The recombinant PAR was also 257 highly similar to two aldehyde reductases from Solanum lycopersicum (Tieman et al., 258 2007) (77% identity with PAR1 and 75% identity with PAR2). The recombinant PAR 259 has a calculated molecular mass of 35.4 kDa, which is in accordance with SDS-PAGE 260 results of purified recombinant and rose-PAR enzymes (Fig. 1) . 261
Functional characterization of rose-PAR and recombinant PAR
262
To confirm that the cloned cDNA encodes a functional enzyme, reaction 263 products in the presence of NADPH and either rose-PAR or recombinant PAR were 264 analyzed by GC-MS (Supplementary Scheme 1). No reaction products were detected 265 in the absence of either PAR enzyme, whereas 2PE was detected as the sole product 266 from PAld in the presence of either rose-PAR or recombinant PAR, indicating that 267 both proteins exhibit the same functions (Fig. 2) . 268
Changes in transcripts of rose-PAR
269
To further substantiate rose-PAR's involvement in the biosynthesis of 2PE, 270 expression of rose-PAR transcripts in petals, calyxes at stages 2, 4, and 6, and leaves 271 were investigated by real time RT-PCR (Fig. 3) . In R. ×damascena the transcripts of 272 rose-PAR were higher in petals than in calyxes and leaves. In the petals the 273 transcripts of rose-PAR were peaking at stage 4. There was no obvious difference in 274 the expression level of rose-PAR among calyxes throughout the unfurling process. 275 (Fig. 4A) . Similar results were obtained with rose-PAR. Thus, PAR is a 280 NADPH-preferring reductase. 281 Furthermore, the biosynthetic pathway proposed by Sakai et al. (2007) for 282 production of 2PE from PAld was catalyzed by PAR but the inverse reaction would 283 be hypothetically catalyzed by an alcohol dehydrogenase (ADH). The recombinant 284 PAR enzyme has around 10 times higher reductase activity than ADH activity. The 285 rose-PAR has high reductase activity with only residual ADH activity, indicating that 286 both recombinant PAR and rose-PAR predominantly catalyze the conversion of PAld 287 to 2PE (Fig. 4B) . 288
Coenzyme specificity and catalytic activity of recombinant PAR and rose-
Substrate specificity of recombinant PAR and rose-PAR
289
To understand the function of an enzyme in its metabolic pathway, enzymes 290
and their substrates must be characterized (Fridman et al., 2005) . To elucidate the 291 substrate specificity of recombinant PAR and rose-PAR more in detail, 11 different 292 substrates with either aldehyde or keto moieties were tested (Table 2) . Catalytic 293 efficiency of the recombinant PAR with (S)-(-)-citronellal was the highest among all 294 of the selected substrates, including a 3-fold increase over PAld. Hexylaldehyde also 295 had a higher turn over rate (1.9 fold) compared to PAld. Even though, the specific 296 activity of the rose-PAR (10.1 mU mg -1 ) was much higher (10-fold) than the 297 recombinant PAR (0.7 mU mg -1 ), both PAR enzymes showed activity with all of the 298 selected volatile compounds. The catalytic efficiencies of the rose-PAR and the 299 recombinant PAR were high using PAld, (S)-(-)-citronellal and hexylaldehyde as 300 substrates. These enzymes showed moderate catalytic activities with the aldehydes: 301 (R)-(-)-citronellal (96.9, 46.6), 3-phenylpropionaldehyde (63.6, 59.2), benzaldehyde 302 (47.3, 54.0), trans-cinnamaldehyde (40.3, 14.8), 2-phenylpropionaldehyde (39.5, 303 19.5), and citral (39.5, 53.9) . Low activities were observed for the transformations of 304 acetophenone (28.7, 7.0) and methyl butylketone (19.0, 7.5). It can thus be inferred 305 that the catalytic efficiency of PAR is higher with aldehydes than with compounds of 306 the ketocarbonyl group. The catalytic activity of the recombinant PAR was 3-fold 307 higher with (S)-citronellal (311.2) than with its (R)-isomer (96.9) and the activity of 308 the rose-PAR was 2 times higher with (S)-citronellal (78.4) than with its (R)-isomer 309 (46.6). 310 
Enantio-selective reduction of recombinant PAR
Stereo-selectivity of recombinant PAR
323
To investigate the stereo-selectivity of the recombinant PAR for the keto-324 carbonyl group to yield to its corresponding secondary alcohol, acetophenone was 325 employed as model substrate (Fig. 6 ). Reaction mixture of acetophenone and 326 recombinant PAR yielded S-1PE in the presence of NADPH. Due to the low catalytic 327 activity of the rose-PAR with the substrate acetophenone the enantio-selectivity could 328 not be determination. 329
Discussion
330
We have isolated a full-length PAR cDNA from R. ×damascena, and have 331 functionally characterized both recombinant PAR and rose-PAR. Even though a 332 protein-protein BLAST (blastp) search revealed that the obtained PAR is more similar 333 to the cinnamyl alcohol dehydrogenase from Malus domestica (90% identity) than to 334 the phenyl acetaldehyde reductases from Solanum lycopersicum (77% and 75% 335 identity), functional characterization clearly demonstrated that the PARs catalyzes the 336 transformation of PAld to 2PE. Frequently, functional enzyme annotations based on 337 sequence similarities prove to be incorrect (Fridman et al., 2005) . For example, many 338
Arabidopsis genes annotated as putative cinnamyl alcohol dehydrogenases actually 339 encode enzymes with highly variable substrate specificities (Kim et al., 2004) . 340
The GC-MS-validated functional analysis of both rose-PAR and recombinant 341 PAR confirmed that the PARs catalyze the conversion of PAld to 2PE. This study 342 revealed for the first time that rose-PAR can contribute to the production of important 343 scent molecules on molecular level. Furthermore, we investigated changes in 344 transcripts of rose-PAR by real time RT-PCR. Rose-PAR transcripts were higher in 345 petals than in calyxes and leaves. The highest transcripts have been observed at stage 346 4, suggesting a correlation to the maximum emission of 2PE at stage 4 of R. 347 ×damascena as already reported (Oka et al., 1999) . Other rose scent-related genes 348 exhibited the highest transcripts at the same unfurling stage, where the emission of 349 volatile compounds was the highest (Guterman et al., 2002; Lavid et al., 2002; Farhi 350 et al., 2010) . Both rose-PAR and recombinant PAR preferred NADPH over NADH 351 as coenzyme (Fig. 4A) other proteins with a 30% to 70% ammonium sulfate cut, but previously with 20% to 357 50% (Sakai et al., 2007) . In this case, an enzyme could have been co-precipitated 358 with PAR which is eliminated by the higher salt concentration in the first cut. 359
Alternatively, rose cultivars may produce similar enzymes with differing substrate 360 and co-enzyme binding affinities. This would, in fact, be expected since different 361 cultivars produce different scents. For example, glucose-6-phosphate dehydrogenases 362 (G6PDHs) catalyzed the oxidation of glucose-6-phosphate to 6-phosphogluonolactone 363 concomitant with reducing NADP to NADPH, and an elevated level of cytosolic 364 glucose-6-phosphate dehydrogenases (G6PDHs) was not a consequence of phosphate 365 sequestration, but rather dependent on the presence of metabolizable sugars 366 (Hauschild and Schaewen; 2003) . Furthermore, both PARs preferably catalyzed the 367 reaction from PAld to 2PE (Fig. 4B) , indicating that the genuine PAR had been cloned 368 into E. coli. Consistent with our results, most cinnamyl alcohol 369 dehydrogenase/reductase enzymes, including PAR1 and PAR2 from Solanum 370 lycopersicum, also prefer NADPH as co-substrate (Tieman et al., 2007) . 371
The recombinant PAR had a substrate-utilization profile similar to the rose-372 PAR ( Table 2 ). Both PARs favored aldehyde substrates over compounds with keto-373 carbonyl moieties. Moreover, both PARs had higher catalytic activities on the (S)-374 citronellal enantiomer, indicating that PAR activities are affected by chirality at the C-375 6 position. The rose-PAR and the recombinant PAR differed somewhat in substrate 376 affinity. For instance, (S)-(-)-citronellal was the best substrate among a variety of 377 volatile compounds for the recombinant PAR, but for the native rose-PAR, PAld was 378 the best substrate. For the PAR two sugar modification motifs, were predicted based on the Motif search by GENETYX 380 as shown in Supplementary Fig. 1 . It is generally known that proteins obtained by E. 381 coli lack in post-translational modifications. Although the sugar analysis was not 382 performed against rose-PAR, the lack in the sugar motives in recombinant PAR 383 probably is one of the reasons for the differences in the substrate specificity. It has 384 been already reported that sugar modification could affect relative enzyme functions 385 (Hauschild and Schaewen, 2003) . In addition, using surfactants or CA kit (TaKaRa 386
Co. Ltd. Japan) could not overcome the different catalytic activities of rose-PAR and 387 recombinant PAR enzymes (data not shown). 388
Our group previously detected various volatile scent compounds emitted from 389 R. ×damascena throughout the unfurling process (Oka et al., 1999) . Several 390 reductases as well as the rose-PAR may be involved in the emission of other alcoholic 391 volatile compounds such as (S)-(-)-citronellol and geraniol. It might be reasonable to 392 elucidate if rose-PAR plays an essential part for the production of several main rose 393 scents ( Table 2) The rose-PAR and recombinant PAR exhibited moderate activities toward 400 keto-carobonyl compounds, and the latter yielded S-1PE from acetophenone (Table 2, 401 Fig. 6 ). These results may be illustrating to find the high enantio-selectity for 402 production of chiral secondary alcohols by modifying the recombinant PAR. Also S-403 selectivity of rose-PAR toward acetophonone must be important to elucidate the role 404 in the keto-reduction in rose flowers. As neither acetophenone nor 1PE were detected 405 as volatile compounds emitted from R. ×damascena, this rose may not have the 406 biosynthetic systems of acetophenone. As one of the precursors of damascenone, an 407 important volatile compound found in the essential oil, we have reported (Suzuki et 408 al., 2002) the identification of glycosidic (3R, 9R)-and (3R, 9S)-megastigm-6, 7-dien 409 3, 5, 9-triol in the flowers of R. ×damascena. In the case of the production of these 410 compounds, a progenitor of the aglycon parts must be derived from (3R)-megastigm-6, 411 7-dien-9-one-3, 5-diol by the action of 9-keto-reductase. As the ratio at the 9-position 412 of glycosidic (3R, 9R)-and (3R, 9S)-megastigm-6, 7-dien 3, 5, 9-triol was 4-10 /1 for 413 R/S, rose-PAR is not involved in the reduction of the 9-keto-carbonyl group. 414 Furthermore, the substrate specificities and relative activities of rose-PARs 415 from R. ×damascena and R. 'Hoh-Jun' are generally similar (Sakai et al., 2007) . For 416 instance, both native PARs had higher activities with aldehydes than with substrates 417 with ketocarbonyl moieties, and PAld was the best substrate for both native PARs. 418 However, R. ×damascena rose-PAR catalyzes reactions with a wider range of 419 substrates than R. 'Hoh-Jun' rose-PAR, which did not show any activity with 420 benzaldehyde, trans-cinnamaldehyde, acetophenone or methyl butylketone. has four strictly-conserved residues (D50, Y55, K84 and H117). PAR contains a 439 YVLSK sequence at residues 60 to 64, and no AKR cofactor-binding pocket motif 440 ( Supplementary Fig. 1 ). This suggests that recombinant PAR and rose-PAR may be 441 placed in the SDR protein super-family. 442 Coenzyme preference. PAR activity was assayed in the presence of 1mM NADPH or 566 NADH. The activity of the NADPH sample (1.5 mmol mg -1 protein h -1 ) is regarded as 567 100%. B, Reaction direction of PAR. Oxidative activity (ADH activity) for the 568 production of 2PE in the presence of NADP + was measured by GC-MS. The reaction 569 mixture contained 1mM 2PE, 1 mM NADP + and 30 l of the main PAR fraction. 570 PAR activity (1.3 mmol mg -1 protein h -1 ) was set as 100%. All data shown represent 571 the mean ± standard error from triplicate experiments. 572 
